Intravenous injection of therapeutics is required to effectively treat or cure metastatic cancer, certain cardiovascular diseases, and other acquired or inherited diseases. Using this route of delivery allows potential uptake in all disease targets that are accessed by the bloodstream. However, normal tissues and organs also have the potential for uptake of therapeutic agents. Therefore, investigators have used targeted delivery to attempt delivery solely to the target cells; however, use of ligands on the surface of delivery vehicles to target specific cell surface receptors is not sufficient to avoid nonspecific uptake. PEGylation has been used for decades to try to avoid nonspecific uptake but suffers from many problems known as "The PEGylation Dilemma." We have solved this dilemma by replacing PEGylation with reversible masking using low-molecular-weight neutral lipids in order to achieve optimal-targeted delivery solely to target cells. Our paper will focus on this topic.
Introduction
We use bilamellar-invaginated vesicles (BIVs) that are unique liposomal nanoparticles (NPs) providing highly efficient delivery for intravenous (iv) injection of encapsulated therapeutics including plasmid DNA [1] [2] [3] [4] [5] . In addition to having extended half-life and stability in circulation, BIVs are nontoxic, nonimmunogenic, biodegradable and can be repeatedly administered without losing potency. Furthermore, BIVs encapsulating therapeutic agents can be modified to specifically target entry into the disease cell using small molecules that mimic beta turns incorporated on the surface of BIV complexes while bypassing nonspecific uptake using reversible masking. Although BIV-DNA complexes have already been used successfully in clinical trials to treat metastatic lung cancer [6] and hereditary inclusion body myopathy [7, 8] , in the former a first-pass uptake in the involved lungs obviated the need for differential tumor targeting and, in the latter, the goal of increased production of sialic acid required merely an organ repository. However, reversible masking was designed to be used with BIVs as well as other delivery systems to focus target-specific biodistribution, for example, metastatic cancer, by bypassing nonspecific uptake post-iv injections. The aim of this review is to define and distinguish our novel reversible masking versus PEGylation and demonstrate its superior use for avoiding nonspecific uptake in vivo.
Optimization of Cationic Liposome Formulations for Use In Vivo
Much research has been directed toward the synthesis of new cationic lipids. Some new formulations enable more efficient transfection of cells in culture. However, their efficiency measured in vitro did not correlate with their ability to deliver DNA after administration in animals. Functional properties defined in vitro do not assess the stability of the complexes in plasma or their pharmacokinetics and biodistribution, all of which are essential for optimal activity in vivo. Colloidal properties of the complexes, in addition to the physicochemical properties of their component lipids, also determine these parameters. In particular, in addition to efficient transfection of target cells, nucleic acid-liposome complexes must be able to traverse tight barriers in vivo and penetrate throughout the target tissue to produce efficacy for the treatment of disease, that is, countercurrent to increased intratumoral pressure gradients for the treatment of cancer. These are not issues for achieving efficient transfection of cells in culture with the exception of polarized tissue culture cells. Therefore, we are not surprised that optimized liposomal delivery vehicles for use in vivo may be different than those used for efficient delivery to some cells in culture. In summary, in vivo nucleic acid-liposome complexes that produce efficacy in animal models of disease have extended half-life in the circulation, are stable in serum, have broad biodistribution that can be focused, efficiently encapsulate various sizes of nucleic acids, are targetable to specific organs and cell types, penetrate across tight barriers in several organs, penetrate evenly throughout the target tissue, are optimized for nucleic acid : lipid ratio and colloidal suspension in vivo, can be size fractionated to produce a homogenous population of complexes prior to injection, and can be repeatedly administered. Recently, we demonstrated efficacy of a robust liposomal delivery system in small and large animal models for lung [18] , breast [19] , head and neck, and pancreatic cancers [20] [21] [22] , and for Hepatitis B and C [23] . Based on efficacy in these animal studies, this liposomal delivery system has been used successfully in phase I clinical trials to treat endstage nonsmall cell lung carcinoma patients who have failed to respond to chemotherapy [6] and hereditary inclusion body myopathy [7, 8] . The nonsmall cell lung carcinoma patients have prolonged life spans and have demonstrated objective responses including tumor regression. Efficacy was also demonstrated for the single patient trials for hereditary inclusion body myopathy. The BIV delivery system will also be used in upcoming clinical trials to treat other types of cancer including pancreatic, breast, and head and neck cancers. Our studies have demonstrated broad efficacy in the use of liposomes to treat disease and have dispelled several myths that exist concerning the use of liposomal systems.
Liposome Morphology and Effects on Gene Delivery and Expression
Efficient in vivo nucleic acid-liposome complexes have unique features including their morphology, mechanisms for crossing the cell membrane and entry into the nucleus, ability to be targeted for delivery to specific cell surface receptors, and ability to penetrate across tight barriers and throughout target tissues. Liposomes have different morphologies based upon their composition and the formulation method. Furthermore, the morphology of complexes can contribute to their ability to deliver nucleic acids in vivo.
Formulations frequently used for the delivery of nucleic acids are lamellar structures including small unilamellar vesicles (SUVs), multilamellar vesicles (MLVs), or the bilamellar invaginated vesicles (BIVs) recently developed in our laboratory Figure 1 . Several investigators have developed liposomal delivery systems using hexagonal structures; however, they have demonstrated efficiency primarily for the transfection SUVs are small unilamellar vesicles that condense nucleic acids on the surface and produce "spaghetti and meatballs" structures. MLVs are multilamellar vesicles that appear as "Swiss rolls" after mixing with DNA. BIVs are bilamellarinvaginated vesicles produced using a formulation developed in our laboratory [1] . Nucleic acids are efficiently encapsulated between two bilamellar-invaginated structures (BIVs).
of some cell types in culture and not for in vivo delivery. SUVs condense nucleic acids on the surface and form "spaghetti and meatballs" structures [24] . DNA-liposome complexes made using SUVs produce little or no gene expression upon systemic delivery, although these complexes transfect numerous cell types efficiently in vitro [25, 26] . Furthermore, SUV liposome-DNA complexes cannot be targeted efficiently. SUV liposome-DNA complexes also have a short half-life within the circulation, generally about 5 to 10 minutes. Polyethylene glycol (PEG) has been added to liposome formulations to extend their half-life [27] [28] [29] ; however, PEGylation creates other problems that have not as yet been resolved. PEG seems to hinder delivery of cationic liposomes into cells due to its sterically hindering ionic interactions, and it interferes with optimal condensation of nucleic acids onto the cationic delivery vehicle. Furthermore, the resultant extremely long half-life in the circulation, for example, up to several days, has caused problems for patients as illustrated by the increased percentage of injected dose of the PEGylated liposomal formulation doxil that encapsulates the cytotoxic agent, doxorubicin, which accumulates in the skin, hands, and feet resulting in mucositis and hand and foot syndrome [30, 31] that cause extreme discomfort to the patient. Attempts to add ligands to doxil for delivery to [10, [12] [13] [14] [15] [16] [17] 32] . The vast majority of the injected PEGylated complexes bypass the target cell, including those using cleavable PEG. Some investigators have loaded nucleic acids into SUVs using a variety of methods; however, the bulk of the DNA does not load or stay within the liposomes. Furthermore, most of the processes used for loading nucleic acids within liposomes are extremely time-consuming and not costeffective. Therefore, SUVs are not the ideal liposomes for creating nonviral vehicles for targeted delivery.
Complexes made using MLVs appear as "Swiss rolls" when viewing cross-sections by cryo-electron microscopy [33] . These complexes can become too large for systemic administration or deliver nucleic acids inefficiently into cells due to inability to "unravel" at the cell surface. Addition of ligands onto MLV liposome-DNA complexes further aggravates these problems. Therefore, MLVs are not useful for the development of targeted delivery of nucleic acids.
Using a formulation developed in our laboratory, nucleic acids are efficiently encapsulated between two bilamellar invaginated vesicles, BIVs [1] . We created these unique structures using 1,2-bis(oleoyloxy)-3-(trimethylammino)propane (DOTAP) and synthetic cholesterol (Chol) and a novel formulation procedure. This procedure is different because it includes a brief, low-frequency sonication followed by manual extrusion through filters of decreasing pore size. The 0.1 and 0.2 um filters used are made of aluminum oxide and not polycarbonate that is typically used by other protocols. Aluminum oxide membranes contain more pores per surface area that are evenly spaced and sized and have straight channels. During the manual extrusion process, the liposomes are passed through each of four different sized filters only once. This process produces 88% invaginated liposomes. Use of high frequency sonication and/or mechanical extrusion produces only SUVs.
BIVs condense unusually large amounts of nucleic acids of any size Figure 2 as well as viruses Figure 3 . Furthermore, addition of other DNA condensing agents including polymers is not necessary. For example, condensation of plasmid DNA onto polymers prior to encapsulation in the BIVs did not increase condensation or subsequent gene expression after transfection in vitro or in vivo. Encapsulation of nucleic acids by these BIVs alone is spontaneous and immediate, and, therefore, cost-effective requiring only one step of simple mixing. The extruded BIV DOTAP : Chol-nucleic acid complexes are also large enough so that they are not cleared rapidly by Kupffer cells in the liver and yet extravasate across tight barriers, including the endothelial cell barrier of the lungs in a normal mouse, and diffuse through target organs efficiently [18] . Our work demonstrating efficacy for treatment of nonsmall cell lung cancer [18] showed that only BIV DOTAP:Chol-p53 DNA liposome complexes produced efficacy; whereas SUV DOTAP : Chol-p53 DNA liposome complexes produced no efficacy. Therefore, the choice of lipids alone is not sufficient for optimal DNA delivery, and the morphology of the complexes is essential.
Optimal Lipids and Liposome Morphology: Effects on Gene Delivery and Expression
Choosing the best cationic lipids and neutral lipids are also essential for producing the optimal in vivo formulation. For example, using our novel manual extrusion procedure does not produce BIVs using the cationic lipid dimethyldioctadecylammonium bromide (DDAB in liposomal formulations. However, our data showed that formulations consisting of DOPE were not efficient for producing gene expression in vivo [1] . Investigators must also consider the source and lot variability of certain lipids purchased from companies. For example, different lots of natural cholesterol from the same vendor can vary dramatically and will affect the formulation of liposomes. We use synthetic cholesterol instead of natural cholesterol that is purified from the wool of sheep. Synthetic cholesterol is required by the Food and Drug Administration for use in producing therapeutics for injection into humans.
Our BIV formulations are also stable for a few years as liquid suspensions. Freeze-dried formulations can also be made that are stable indefinitely even at room temperature. Stability of liposomes and liposomal complexes is also essential particularly for the commercial development of human therapeutics.
Liposome Encapsulation, Flexibility, and Optimal Colloidal Suspensions
A common belief is that artificial vehicles must be 100 nm or smaller to be effective for systemic delivery. However, this belief is most likely true only for large, inflexible delivery vehicles. Blood cells are several microns (up to 7000 nm) in size and yet have no difficulty circulating in the blood including through the smallest capillaries. However, sickle cell blood cells, that are rigid, do have problems in the circulation. Therefore, we believe that flexibility is a more important issue than small size. In fact, BIV DNA-liposome complexes in the size range of 200 to 450 nm produced the highest levels of gene expression in all tissues after iv injection [1] . Delivery vehicles, including nonviral vectors and viruses, that are not PEGylated and are smaller than 200 nm are cleared quickly by the Kupffer cells in the liver. Therefore, We believe that colloidal properties of nucleic acidliposome complexes also determine the levels of gene expression produced after in vivo delivery [1, 34] . These properties include the DNA : lipid ratio that determines the overall charge density of the complexes and the colloidal suspension that is monitored by its turbidity. Complex size and shape, lipid composition and formulation, and encapsulation efficiency of nucleic acids by the liposomes also contribute to the colloidal properties of the complexes. The colloidal properties affect serum stability, protection from nuclease degradation, blood circulation time, and biodistribution of the complexes.
Our in vivo transfection data showed that an adequate amount of colloids in suspension was required to produce efficient gene expression in all tissues examined [1] . The colloidal suspension is assessed by measurement of adsorbance at 400 nm using a spectrophotometer optimized to measure turbidity. Our data showed that transfection efficiency in all tissues correlated with OD400 of the complexes measured prior to intravenous injection.
Efficient Dissemination throughout target Tissues and Migration across Tight Barriers
A primary goal for efficient in vivo delivery is to achieve extravasation into and penetration throughout the target organ/tissue ideally by minimally invasive systemic administration. Without these events, therapeutic efficacy is highly compromised for any treatment including gene and drug therapies. Achieving this goal is difficult due to the many tight barriers that exist in animals and people. Furthermore, many of these barriers become tighter in the transition from neonates to becoming adults. Penetration throughout an entire tumor is further hindered due to the increased interstitial pressure within most tumors [35] [36] [37] . We believe that nonviral systems can play a pivotal role in achieving target organ extravasation and penetration needed to treat or cure certain diseases. Our preliminary studies have shown that extruded BIV DOTAP : Chol nucleic acid : liposome complexes can extravasate across tight barriers and penetrate evenly throughout entire target organs, whereas viral vectors cannot cross identical barriers. As stated above, these barriers include the endothelial cell barrier in a normal mouse [18, 38] , the posterior blood retinal barrier in adult mouse eyes [38] , complete and homogeneous diffusion throughout large tumors [18, 38] , and penetration through several tight layers of smooth muscle cells in the arteries of pigs [38] . Diffusion throughout large tumors was measured by expression of ß-galactosidase or the proapoptotic gene p53 in about half of the p53-null tumor cells after a single injection of BIV DOTAP : Chol-DNA liposome complexes into the center of a tumor. Transfected cells were evenly spread throughout the tumors. Tumors injected with complexes encapsulating plasmid DNA encoding p53 showed apoptosis in almost all of the tumor cells by TUNEL staining. Tumor cells expressing p53 mediate a bystander effect on neighboring cells perhaps due to upregulation by Fas ligand that causes nontransfected tumor cells to undergo apoptosis.
Charge versus Delivery
Our delivery system is efficient because we have optimized the overall charge of complexes to produce the highest delivery into cells, that is approximately 45.5 mV measured by a zeta potential analyzer [9] . Our complexes deliver DNA into cells by fusion with the cell membrane and thereby avoid the endocytic pathway ( Figure 6 ). Cells are negatively charged on the surface, and specific cell types vary in their density of negative charge. These differences in charge density can influence the ability of cells to be transfected. Cationic complexes have nonspecific ionic charge interactions with cell surfaces. Efficient transfection of cells by cationic complexes is, in part, contributed by adequate charge interactions. In addition, other publications report that certain viruses have a partial positive charge around key subunits of viral proteins on the virus surface responsible for binding to and internalization through target cell surface receptors [39] [40] [41] [42] [43] [44] . Therefore, this partial positive charge is required for virus entry into the cell. Thus, maintenance of adequate positive charge on the surface of targeted BIV complexes is essential for optimal delivery into the cell. Different formulations of liposomes interact with cell surfaces via a variety of mechanisms. Two major pathways for interaction are by endocytosis or by direct fusion with the cell membrane [33, [45] [46] [47] [48] [49] [50] . Preliminary data suggest that nucleic acids delivered in vitro and in vivo using BIV complexes developed in our lab enter the cell by direct fusion. Apparently, with our delivery vehicle, the bulk of the nucleic acids do not enter endosomes, and, therefore, the bulk of nucleic acids enter the nucleus more rapidly. Fusogenic cell transfection produced orders of magnitude increased levels of gene expression and increased numbers of cells transfected versus cells transfected through the endocytic pathway.
Reversible Masking
However, the positive charge on the surface of delivery vehicles also results in uptake in nontarget cells as well. Therefore, the charge must be shielded briefly until the complexes arrive at the target cell. As stated above, we believe that maintenance of adequate positive charge on the surface of complexes is essential to drive cell entry by direct fusion. Therefore, we created a methodology to achieve targeted delivery of our complexes in vivo without the use of PEG. These ligand-coated BIV complexes reexpose the overall Optimized strategy for delivery and gene expression in the target cell. Optimization of many steps is required to achieve targeted delivery, shielding from nonspecific uptake in nontarget organs and tissues, deshielding, fusion with the cell membrane, entry of nucleic acids into the cell and to the nucleus, and production of gene expression of a cDNA cloned in a plasmid.
positive charge of the complexes as they approach the target cells. In addition, through covalent attachments, we have added small molecules to the surface of our preformed complexes that mimic protein-protein interactions [9] . These small molecules efficiently bind to the target cell surface receptor and maintain entry into the cell by direct fusion. Furthermore, we showed that using this novel method of addition of ligands to the complexes for targeted delivery results in further increased gene expression in the target cells after transfection. Therefore, this design of a targeted liposomal delivery system retains predominant fusogenic cell entry rather than the endocytic transport. Figure 7 shows our optimized strategy to achieve targeted delivery, deshielding, fusion with the cell membrane, entry of nucleic acids into the cell and to the nucleus, and production of gene expression of a cDNA cloned in a plasmid. Much effort has been made to specifically deliver nucleic acid-liposome complexes to target organs, tissues, and/or cells. Ligands that bind to cell surface receptors are usually attached to PEG and then attached to the cationic or anionic delivery vehicle. Due to shielding of the positive charge of cationic complexes by constitutively incorporated PEG, delivery to the specific cell surface receptor can be accomplished by only a small fraction of complexes injected systemically. Furthermore, delivery of PEGylated complexes into the cell occurs predominantly through the endocytic pathway, and subsequent degradation of the bulk of the nucleic acid occurs in the lysosomes. Thus, gene expression is generally lower in the target cell than when using the nonspecific delivery of highly efficient cationic complexes. Recent efforts to use cleavable PEG are unimpressive and have not solved these problems (Table 1) [10, 12-17, 32].
As discussed above, the vast majority of the injected PEGylated complexes bypass the target cell, including those using cleavable PEG. Apparently, the PEGylated complexes cannot utilize critical charge interactions for optimal transfection into cells by direct fusion due to the overall low or neutral charge. The inability to expose positive charge on the surface of optimized delivery vehicles results in the transfection of fewer cells. PEGylation was first used to increase the half-life of complexes in the circulation and to avoid uptake in the lung. However, this technology also destroys the ability to efficiently transfect cells. We were able to increase the half-life in circulation of BIVs to five hours without the use of PEG. Because the extended halflife of BIVs is not too long, this delivery system does not result in the accumulation of complexes in nontarget tissues that occurs with circulation half-lives of one to three days as seen with PEGylated liposomal delivery systems. Some investigators have now reported targeted delivery that produces increased gene expression in the target cell over their nontargeted complexes. However, these nontargeted and targeted delivery systems are inefficient [51] compared to efficient delivery systems such as the BIVs.
In using the extruded BIV DOTAP : Chol nucleic acid : liposome complexes, we produced an optimal half-life in the circulation without the use of PEG [9] . Extended halflife was produced primarily by the formulation, preparation method, injection of optimal colloidal suspensions, serum stability, and optimal nucleic acid : lipid ratio used for mixing complexes, and size (200 to 450 nm). Furthermore, we avoid uptake in the lungs using the negative charge of the ligands and "shielding/deshielding compounds" that can be added to the complexes used for targeting just prior to injection or administration in vivo. Our strategy to bypass nonspecific transfection is called reversible masking (US Patent no. 7,037,520 B2) [9] which allows for charge reexposure facilitated by first-pass circulatory sheering forces. As discussed above, we believe that use of small molecules for targeted delivery is ideal, and smaller ligands require the use of smaller reversible masks. Therefore, we accomplished decreasing the overall charge of BIV complexes by adding the small neutral lipid, n-dodecyl-β-D-maltopyranoside, approximately 511 MW, just prior to iv injections [9] (Templeton, N.S. US Patent no. 7,037,520 B2 issued May 2, 2006) . By addition of ligands using the novel approaches that we developed, adequate overall positive charge on the surface of complexes at the target site is preserved. In summary, we achieve optimal circulation time of the complexes, reach and deliver to the target organ, avoid uptake in nontarget tissues, and efficiently interact with the cell surface to produce optimal transfection.
We have developed a multidisciplinary approach combining molecular biology, delivery technology, combinatorial chemistry, and reversible masking to create improved systemic, targeted delivery of plasmid DNA while avoiding nonspecific uptake in vivo. We applied this technology to efficiently target delivery to a human tumor-microenvironment model. We achieved efficient, targeted delivery by attachment of specific targeting ligands to the surface of our BIV complexes in conjunction with reversible masking to bypass nonspecific tissues and organs. We identified ligands that target a human tumor-microenvironment created in vitro by coculturing primary human endothelial cells with human lung or pancreatic cancer cells. The model was confirmed by increased expression of tumor endothelial phenotypes including CD31 and VEGF-A and prolonged survival of endothelial capillary-like structures. The cocultures were used for high-throughput screening of a specialized small-molecule peptidomimetic library to identify ligands specific for human tumor-associated endothelial cells in vitro. We identified small molecules that enhanced the transfection efficiency of tumor-associated endothelial cells, but not normal human endothelial cells or cancer cells. IV administration of our targeted, reversibly masked complexes into mice, bearing human pancreatic tumor and endothelial cells, specifically increased transfection to this tumor microenvironment about 200-fold. Efficacy studies using our optimized targeted delivery of a plasmid encoding thrombospondin-1 eliminated tumors completely after five intravenous injections administered once weekly. We plan to use our targeted, reversibly masked delivery system in the clinic to treat metastatic cancer. Table 1 compares reversible masking versus the cleavable PEG systems. None of the cleavable PEG systems have shown the exceptionally high, 200-fold increased targeted delivery demonstrated by BIVs coated with small molecule B-turn mimics for specific delivery to the target cell and reversible masking to avoid nonspecific uptake described above. Furthermore, we achieve this high level of targeted delivery without the use of peptides that are known to be immunogenic when multimerized on the surface of delivery vehicles and then repeatedly injected iv. In addition, we demonstrated greater efficacy than these other delivery systems, i.e., complete elimination of aggressive, orthotopic pancreatic cancers after 5 iv injections administered once a week. At best, the receptor-targeted nanocomplex (RTN) with endosomally cleavable PEG and RGD integrin-targeting peptide showed only a 2-fold increased delivery to subcutaneous neuroblastoma tumors [11] . Furthermore, only a 75% reduction in tumor size after 7 iv injections administered every 48 h was achieved using this optimized formulation. Targeted delivery systems can also be less efficient in delivery to the target compared to the non-PEGylated, nontargeted formulations as shown for the MEND system (Table 1) [12, 13, 32] . Not surprising, no efficacy in any disease model has been reported for this delivery system. In summary, we have defined and distinguished our novel reversible masking versus PEGylation and demonstrated its superior use for avoiding nonspecific uptake in vivo.
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